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Abstract 17
The genetic control of adult plant resistance to Stagonospora nodorum blotch (SNB) is complex 18 consisting of genes with minor effects interacting in an additive manner. Earlier studies detected 19 quantitative trait loci (QTL) for flag leaf resistance in successive years on chromosomes 1B, 2A, 2D, 20 5B using SSR-and DArT-based genetic maps of progeny from the crosses EGA Blanco/Millewa, 21 6HRWSN125/WAWHT2074 and P92201D5/P91193D1. Similarly, QTL for glume resistance detected 22 in successive years and multiple environments were identified on chromosomes 2D and 4B from 23 genetic maps of P92201D5/P91193D1 and 6HRWSN125/WAWHT2074, respectively. The SSR-and 24
DArT-based genetic maps had an average distance of 6.5, 7.8 and 9.7 cM between marker loci for 25 populations EGA/Millewa, P92201D5/P91193D1 and 6HRWSN125/WAWHT2074, respectively. This 26 study used single nucleotide polymorphism (SNP) markers from the iSelect Infinium 90K genotyping 27 array to fine map genomic regions harbouring QTL for flag leaf and glume SNB resistance reducing 28 the average distance between markers to 2.9, 3.3 and 3.4 -3.4 cM for populations 29 P92201D5/P91193D1, EGA/Millewa and 6HRWSN125/WAWHT2074, respectively. Increasing the 30 marker density of the genetic maps with SNPs did not identify any new QTL for SNB resistance but 31 discriminated previously identified co-located QTL into separate but closely linked QTL. 32 D r a f t
Introduction 37

Stagonospora nodorum blotch (SNB) is a nercrotophic fungal disease of wheat caused by the 38 pathogen Parastagonospora nodorum (synonyms Stagonospora nodorum, Phaeosphaeria nodorum). 39
Symptoms of infection in adult plants generally develop in wet and humid environments and include 40 red-brown lesions surrounded by a yellow halo on flag leaves or pale to brown lesions on the glume. 41 SNB infection on adult plants reduces the photosynthetic capacity of flag leaves, heads and peduncle 42 causing significant losses in grain yield (Krupinsky et al 1973) . Although fungicide application and 43 crop rotation are common approaches for managing SNB, the use of resistant wheat varieties 44 provides a complementary strategy to maintain grain yields under SNB epidemics. 45
Breeding for SNB resistance in wheat is a challenging task due to complex quantitative 46 genes may be responsible for expression of resistance to the pathogen in USA and Australia. It was 56 therefore reasonable to assume that co-located QTL for flag leaf and glume resistance in the EGA 57 Blanco/Millewa, 6HRWSN125/WAWHT2074 and P92201D5/P91193D1 populations contained the 58 same genes responding to SNB infection in different environments. However, the genetic maps 59 underpinning those studies were based on a maximum of 492 DNA markers, the average distance 60 between marker loci was as high as 9.7 cM (Francki et Blanco/Millewa and 6HRWSN125/WAWHT2074 and recombinant-inbred (RI) line population 78 P92201D5/P91193D1, respectively, were assayed using the 90K iSelect SNP array Agriculture 79 Victoria Research, Agribio, Bundoora, VIC, Australia. SNP clustering and assignment of samples to 80 cluster was performed using custom scripts. In brief, sample theta and normR values for each SNP 81 were exported from GenomeStudio v1.9.4. Assignment of a sample to a cluster required that the 82 sample data point fell within two standard deviations of the sample cluster, and that the confidence 83 score for assignment to that cluster versus the next closest cluster exceeded the value of 0.7, where 0 84 and 1 represent lowest and highest confidence, respectively. Cluster assignments were converted to 85 binary parental phasing using a custom perl script. Genotyping data for each population was 86 were used to identify any new QTL not previously detected using SSR and DArT-based genetic maps 103 and to fine map existing genomic regions for SNB resistance. QTL IciMapping was used to identify 104 QTL regions using inclusive composite interval mapping with additive effect (ICIM-ADD). Parameters 105 for all traits and environments were set to 0.1cM steps, Probability in Stepwise Regression (PIN) of 106 0.001, minimum LOD threshold of 2.5 and deleting missing phenotypes. Final maps and associated 107 QTL were drawn using MapChart Version 2.3 (Voorrips, 2002). 108
Results and Discussion 109
The 90K iSelect SNP array substantially increased the number of markers with identification of 110 8,760-16,411 polymorphic SNP loci (Table 1) and other markers mapped in the EGA Blanco/Millewa, 6HRWSN125/WAWHT2074 and 118 P92201D5/P91193D1 populations were 1,459, 1,713 and 2,047, respectively, where the integration of 119 non-redundant polymorphic SNP markers expanded the total genetic map distance 4,906-6,022 cM 120 (Table 1) Similarly, SNP markers were able to discriminate at least two QTL for flag leaf resistance on 147
chromosomes 5B in the EGA Blanco/Millewa population where each QTL contained genes that 148 express resistance in response to different environments (Fig. 1) chromosome 5B (Fig. 1) . As heading date was unlikely to have pleiotropic effects on flag leaf 152 resistance in the EGA Blanco/Millewa population (Francki et al. 2011 ) it is anticipated, therefore, that 153 further fine mapping within this region would discriminate QTL for flag leaf resistance from heading 154 date. Although high-density SNP markers were mapped on chromosome 1B in the EGA 155
Blanco/Millewa population (Fig. 1) , it remains unclear whether single or linked QTL controlling flag leaf 156 resistance in different environments reside at this locus. Analysis using a larger size of the EGA 157
Blanco/Millewa population would determine whether single or multiple QTL for flag leaf resistance 158 reside on chromosome 1B. 159
The genetic maps supplemented with SNP markers were used in QTL analysis for SNB 160 resistance in glumes for the 6HRWSN125/WAWHT2074 population using mean glume disease 161 scores from two environments reported in Shankar et al (2008) . Glume resistance on chromosome 162 4B identified two linked QTL within 12 cM (Fig. 2) , indicating at least two genes underpin resistance 163 and are expressed in this genomic region. The QTL explained similar phenotypic variance to that 164 reported previously by Shankar et al. (2008) . However, high-resolution SNP mapping detected QTL 165 co-located for glume resistance on chromosome 2D within the same SNP marker interval of 0.3 cM 166 (IWB31450-IWB21124) when the P92201D5/P91193D1 population was evaluated in three 167 environments in the USA (Fig. 2) . Distinct but tightly linked QTL were also detected for glume 168 resistance in two environments in Australia and resided in the (Xgwm526a -IWB53436) markerD r a f t 8 interval of <1.0 cM (Fig. 2) . Therefore, it appears that the same genes control glume resistance to 170 SNB across different USA environments but are different to resistance genes that consistently 171 respond to variable Australian environments. 172
The significant increase in map density provided by SNP markers in three genetic maps in this 173 study provided a new insight on the QTL underpinning SNB resistance contributing to the genetic 174 complexity of this trait in wheat. It was reasonable to assume in earlier studies (Francki et 
